Introduction
Colorectal cancer (CRC) is considered to be the third most common type of cancer and the fourth leading cause of cancer-related mortality worldwide (1) . The incidence of CRC is higher in developed countries with a Western culture (2) . A number of etiological factors may be associated with the development of CRC, including environmental, genetic and epigenetic factors (3) . CRC usually develops slowly over a period of 10-20 years (1) . CRC commonly begins with an adenomatous polyp arising from the glandular epithelial cells in the colon or rectum, initiated by mutations in the adeno� matous polyposis coli gene, with more mutations in tumor suppressor genes and oncogenes (4) . The mortality risk of CRC increases due to the metastasis to other organs of the body (5) . Therefore, there is an urgent need to elucidate the molecular mechanisms underlying the development and progression of CRC in order to develop new markers and therapeutic strate� gies (6) . It was recently suggested that epigenetic alterations in CRC occur more frequently compared with genetic altera� tions (7) ; therefore, an increasing number of studies are focused on unraveling the different epigenetic mechanisms of CRC in order to discover new diagnostic biomarkers and design new therapies (8) . The present review summarizes the classes of long non-coding (lncRNAs) and the most extensively investi� gated lncRNAs that have been shown to play a key role in CRC tumorigenesis in vitro.
lncRNAs
Of the human genome, <2% encodes for proteins (9) , while 75% of the genome is transcribed into non-coding RNAs (ncRNAs) (10) . NcRNAs are classified into two groups according to their length (11), namely short ncRNAs that are <200 nucleotides in length (12) , and long non-coding RNAs (lncRNAs) that have a length of >200 nucleotides (3) .
lncRNAs are categorized into five classes: Bidirectional, sense, antisense, intergenic and intronic (13) . The molecular functions of lncRNAs may be summarized as follows: i) Decoys, such as MALAT1 and PANDAR, which have the ability to bind and inhibit targets from binding to chro� matin; ii) guides, such as HOTAIR, Xist and COLDAIR, which may recruit chromatin modification enzymes to their targets; iii) signals, including COLDAIR, lincRNA-p21 and HOTAIR, which reflect integrated transcription activity; and iv) scaffolds, such as ANRIL and HOTAIR, which may act as central platforms to assemble proteins (14, 15) . Furthermore, lncRNAs are involved in multiple biological functions, such as regulating transcription, cell metabolism, RNA splicing and protein trafficking (16) . lncRNAs are mostly transcribed by RNA polymerase II; apart from a few cases, they are derived from the antisense regions upstream of promoters (17) . Recent research studies have demonstrated the importance of lncRNAs in a number of diseases, mainly cancer (18, 19) , and different lncRNAs have been investigated in CRC (20) . The identification of these lncRNAs as new molecular markers may be used in novel strategies for the prognosis, diagnosis and treatment of CRC (3, 20) .
Role of lncRNAs in CRC
The functions of lncRNAs in CRC include RNA splicing, degradation, transcription and translation (21) . They are involved in colorectal carcinogenesis by acting as oncogenes or tumor suppressor genes, as well as by interacting with DNA, RNA and proteins (22) . The data obtained from several research studies have confirmed that lncRNAs participate in a competitive endogenous RNA network of tumor regulation by acting as endogenous miRNAs (23) . lncRNAs have the ability to control gene expression during differentiation and develop� mental processes (24) . Moreover, they act as gene expression regulators at the transcriptional, post-transcriptional, and epigenetic levels (21) . A recent report highlighted the involve� ment of lncRNAs in CRC chemoresistance through several mechanisms, such as epigenetic modification, interaction with other miRNAs, acting as structural RNAs in scaffolding ribonuclear protein complexes, and regulating the expression of several genes that are involved in key cellular processes, including invasion and metastasis, apoptosis, cell prolifera� tion and differentiation (25) . Additionally, lncRNAs may be classed as competing endogenous RNAs (ceRNAs) that inhibit the targets of miRNAs; therefore, they act as miRNA sponges that regulate the migration, invasion and proliferation of CRC cells (26) .
lncRNAs may be found in peripheral blood components, including serum and plasma (21) . Some of these lncRNAs are upregulated in tumors and they act as oncogenes, while others act as tumor suppressors (12) . In CRC cells and tissues, some lncRNAs tend to be overexpressed, and they are associated with poor CRC patient prognosis and metastasis (27) . In the era of modern bioinformatics methods and high technolo� gies, such as microarray assays, several expressed lncRNAs were found to be associated with CRC (28) . In the following sections, some of the lncRNAs most commonly expressed in CRC tissues will be discussed in detail to reveal their contribu� tion to CRC tumorigenesis.
HOTAIR. HOX transcript antisense intergenic RNA (HOTAIR) is transcribed from the HOXC locus-encoding ~2.2 kb lncRNA (29) . It interacts with polycomb repressive complex 2 (PRC2) in trans (8) , altering cell epigenetics and gene expression (21) . HOTAIR was found to be overexpressed in cancer epithelial cells, leading to histone methylation and cancer invasion (30) . Moreover, its expression is closely associated with several proteins, such as vimentin, matrix metalloproteinase and E-cadherin, which are involved in CRC invasion, metastasis, tumor stage and angiogenesis (3). The expression of HOTAIR has been linked with metastasis and poor clinical outcome, not only in CRC but also in various tumors, such as breast, pancreatic and human epithelial ovarian cancers, as well as in hepatocellular carcinoma (31) . A study conducted by Svoboda et al (30) on CRC blood samples and tissues demonstrated that the overexpression of HOTAIR is correlated with a high mortality rate for patients, and it can be used as a prognostic marker for sporadic CRC.
MALAT1. Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is a lncRNA that interacts with pre-mRNA to localize transcriptional active genes in chro� matin, and with serine/arginine splicing factor to regulate alternative splicing (32) . In CRC tissues and cells, according to Y��� et al (33) , MALAT1 promotes cancer cell proliferation, invasion, migration and lymph node metastasis by activating AKAP-9, a gene linked to the development and metastasis of several cancers, such as oral cancer, melanoma, breast, thyroid and lung cancer. According to Hu et al (34) , MALAT1 enhances AKAP-9 expression by promoting the expression of SRPK1 and phosphorylating SRSF1 in CRC cells.
CCAT1. Colon cancer-associated transcript 1 (CCAT1)
is a newly identified lncRNA (35) , which was found to be upregulated in all-stages of colorectal adenomas and adenocarcinomas. It serves as a target for real-time in vivo imaging (27) . In particular, CCAT1 in human CRC tissues plays an oncogenic role in MYC activation, the target of an oncogenic miR-155, and it promotes cell proliferation and invasion by binding directly to the promoter region (28) . On the other hand, Ma et al (14) revealed that the overexpression of CCAT1 in gallbladder cancer tissues and the knockdown of CCAT1 are associated with the invasion and proliferation of gallbladder cancer cells by affecting miRNA-218-5p.
CCAT2. Colon cancer-associated transcript 2 (CCAT2) is located on chromosome 8q24.21 (17) . CCAT2 directly interacts with transcription factor 7-like 2, and it causes upregulation in the expression of MYC, which regulates miR-17p and miR-20a. This leads to genomic instability and promotes cancer metas� tasis (36) . Moreover, CCAT2 is considered a target for therapy related to lncRNAs, and it has the ability to modify the clinical outcome (37) . Additionally, CCAT2 plays an important role in loop formation between the MYC promoter and genomic locus rs6983267, and it acts as an activator of the MYC onco� gene (23) .
UCA1. Human urothelial carcinoma-associated 1 (UCA1) is an oncofetal gene that is responsible for embryonic development, and it was first expressed in bladder cancer (38) . However, recent studies reported that UCA1 is also expressed in CRC tissues, and it plays a role in promoting cell proliferation by increasing CRC tumorigenesis and inhibiting apoptosis (39) . UCA1 has several functions in the biology of cancer cells; for example, it promotes cell transformation and proliferation, increases invasion and mortality, and induces drug resistance in cancer cells (40) . UCA1 is upregulated in CRC tissues, and the silencing of UCA1 may help inhibit CRC growth. Moreover, higher expression of UCA1 may result in larger tumor size and greater tumor depth (38) .
CASC11. Cancer susceptibility candidate 11 (CASC11) is located on chromosome 8q24. It is upregulated in CRC cells and tissues, and its expression in CRC patients was found to be correlated with tumor size (41) . In addition, the inhibition of CASC11 in CRC suppresses the metastasis and proliferation of tumor cells via its interaction with heterogeneous ribonu� cleoprotein, which protects β-catenin from degradation and the activation of transcription (42) .
CRNDE. Colorectal neoplasia differentially expressed (CRNDE) was found to be 90% differentially overexpressed in CRC tissues. It was proven that insulin/IGFs regulate CRNDE through metabolic changes to evoke the Warburg effect of cancer cells (35) . According to a recent report, colorectal neoplasia differentially expressed transcript variant 1 �Homo sapiens) (CRNDE-h) was highly expressed in CRC tissues and its elevation was correlated with tumor size, distant metastasis, poor overall survival rate and lymph node metas� tasis (43) . Furthermore, Ding et al (44) reported that CRNDE levels were elevated in CRC tissues, and this upregulation was positively correlated with tumor size and stage. Moreover, knockdown of CRNDE may lead to increased in vitro ��� in vivo apoptosis of CRC cells (44) . Han et al (45) observed that knockdown of CRNDE and miR-181a-5p microRNA resulted in inhibited cell proliferation and reduced chemoresistance through inhibiting the Wnt/β-catenin signaling pathway.
PCAT-1.
Prostate cancer-associated ncRNA transcript 1 (PCAT-1) was originally found in prostate cancer, and it may also be associated with CRC metastasis (46) . The upregulation of PCAT-1 in cancer cells was associated with an increase in in vitro cell proliferation by promoting PRC2 expression (12) . PCAT-1 was found to be upregulated in non-small-cell lung cancer cells and tissues and its overexpression promoted invasion, cell proliferation and migration (47) . Furthermore, During DNA damage, it is induced by p53 and its knockdown increases DNA damage-induced apoptosis (5).
Metastasis-associated lung 11q13.1 Interacts with pre-mRNA to localized transcriptional active adenocarcinoma genes in chromatin and interacts with serine/arginine transcript 1 (MALAT1) splicing factor to regulate alternative splicing (32) . In CRC tissues, MALAT1 causes proliferation, invasion and migration through activating AKAP-9 (33).
Colon cancer-associated 8q24. 21 Is expressed in human CRC tissues and plays an oncogenic role transcript 1 (CCAT1) by activating MYC. It binds directly to the promoter region and promotes cell proliferation and invasion (63) .
Colon cancer-associated 8q24. 21 Interacts with transcription factor 7-like 2 and causes upregulation transcript 2 (CCAT2) of MYC expression, which regulates miR-17p and miR-20a and leads to instability and cell growth in colon cancer (16) .
Brest cancer anti-estrogen 16p13. 13 Involved in the progression of breast cancer through binding to Smad resistance 4 (BCAR4)
Nuclear-Interacting Protein 1 (SNIP1) and serine/threonine-protein phosphatase 1 regulatory subunit 10 (PPP1R10 or PNUTS) and activating hedgehog/GLI2 transcription program (64) .
Human urothelial carcinoma19p13.12 Associated with the expression of PDGFB, Fas, ATM associated 1 (UCA1) and steroid-sensitive gene. In bladder cancer, UCA1 regulates CREB cell cycle by activating P13K-AKT-dependent signaling pathways (16) .
Prostate cancer-associated 1q32.1 Promotes proliferation of prostate cancer cells through transcript 6 (PCAT6) the expression of two genes, Myc and p53 (65) .
Maternally expressed 14q32.2 Acts as a tumor suppressor gene through activation of p53 gene 3 (MEG3) and downregulation of MDM2. Its re-expression inhibits proliferation and induces apoptosis (32) .
CRC, colorectal carcinoma; PDGFB, platelet-derived growth factor subunit B; P13K, phosphoinositide 3 kinase; AKT, protein kinase B.
according to a research PCAT-1 was upregulated in CRC tissues and its overexpression was correlated with distant metastasis (48) . Interestingly, the survival of CRC patients was highly correlated with the expression of PCAT-1 in colon tissues, and patients with high PCAT-1 expression had a poorer survival rate compared with those with lower PCAT-1 expres� sion (48) . A recent study demonstrated that PCAT-1 expression in CRC cells is highly correlated with c-myc, and that down� regulation of PCAT-1 in CRC cells inhibited cell proliferation and blocked cell cycle transition by suppressing the expression of cyclins and c-myc (49).
H19. The H19 lncRNA is located on chromosome 11p15.5 (50) . H19 is only upregulated during the early stages of embryogen� esis, and it is downregulated after birth (51). H19 was identified from the transcription of the H19/insulin-like factor 2 gene cluster, and it is expressed by a maternal rather than paternal allele (5). Certain cancer-related proteins are regulated by H19, such as calneuron 1, ubiquitin ligase E3 family, and retinoblas� toma tumor suppressor (52) . According to a number of studies, the dysregulation of H19 exerts a number of effects on different cancers, including CRC (50). In CRC tissues and normal mucosa, differentially methylated region of H19 and its upstream of exon 3 of IGF2 were hypomethylated (53). Chen et al (5) demon� strated that the upregulation of H19 in CRC tissues is implicated in poor differentiation and high TNM stage.
GAS5. Growth arrest-specific transcript 5 (GAS5) is a lncRNA that acts as a tumor suppressor. According to previous studies, GAS5 has the ability to bind to the glucocorticoid receptor and affects the regulation of metabolism and cell survival (54) . GAS5 was found to be downregulated in several cancers, including CRC, and its low levels were associated with a larger tumor size, advanced TNM stage and low histological grade (55).
Clinical applications of lncRNAs in colorectal cancer
Since lncRNAs can be detected in almost all body fluids and tissues, and are also strongly resistant to degradation by RNases, they may be more accurate and effective than proteins, protein-coding RNAs and DNA in the diagnosis of CRC (23) . lncRNAs may be detected in the peripheral blood, and they have been suggested as new non-invasive biomarkers in the diagnosis of tumors (56) . Table I lists oncogenic lncRNAs associated with the prognosis of different cancers, including CRC. According to recent studies, lncRNAs act as molecular markers to predict chemotherapy response, specifically anti-VEGF and anti-EGFR targeted therapies in CRC (18) . Some lncRNAs have been proven to be effective biomarkers in CRC, and may help in early cancer detection and prevention of colorectal adenomas developing into malignancies; they may also play a role in early treatment. It has been demonstrated that lncRNA CCAT1, which was found to be a potential biomarker for the diagnosis of CRC, is overexpressed in the tissues, blood and stool of cancer patients (23) . In addition, Zhao et al �46� reported that CCAT1 may be used for the screening of CRC as a predictive biomarker due to its high expression in the plasma of CRC patients. Furthermore, CRC-associated lncRNA induces multidrug resistance in CRC patients (3). Some lncRNAs, such as CRNDE, act as early biomarkers for the diagnosis of CRC (35) . Recently, Dong et al (57) demon� strated that the combination of the KRTAP5-4 and MAGEA3 mRNAs with the BCAR4 lncRNA in the serum may be an effective marker for detecting CRC. Interestingly, some reports suggested that the knockdown of certain lncRNAs that are upregulated in CRC, such as MALAT1 and HOTAIR, leads to prominent anticancer effects (58, 59 ). According to a research conducted on MALAT1 and CRC tissues by Zheng et al (60) , MALAT1 was highly expressed in CRC tissues, and its higher levels may serve as a negative prognostic marker in stage II and III cancer patients. HOTAIR may be used as a biomarker for cancer patients requiring special intensive care (30) . Furthermore, HOTAIR was found to be associated with cancer metastasis and prognosis; for example, it is overexpressed in CRC tissues, particularly stage IV, and its level is correlated with liver metastasis (61) . Moreover, the downregulation of HOTAIR decreases the metastasis and tumorigenesis of CRC by inhibiting CRC CD133 + cancer stem cells; therefore, it may act as a potential anticancer molecule that targets the inhibi� tion of CRC stem cells (8) . The lncRNA HULC was found to be highly expressed in CRC tissues alone, and serves as a biomarker for CRC (23) . According to Yang et al (62) , the FOXD2-AS1 lncRNA is significantly upregulated in CRC tissues and cells, and its knockdown suppresses CRC cell migration, proliferation and invasion; therefore, it may be an effective lncRNA in CRC treatment.
Conclusion
CRC is one of the most common cancers worldwide. In terms of occurrence, its incidence is more common in male rather than female patients. Cell-free circulating cancer-related nucleic acids, such as DNA, RNA, miRNA and lncRNA, are released in the peripheral circulation of cancer patients and allow for non-invasive detection of gene expression. lncRNAs acting as tumor biomarkers are valuable in the diagnosis and treatment of several types of cancers, including CRC. The irregular expression of lncRNAs is correlated with CRC development and metastasis. Furthermore, the unique expres� sion of lncRNAs may be used to develop effective biomarkers. Further information regarding the role of lncRNAs in CRC may lead to novel approaches to the treatment of this disease. However, only limited numbers of identified and characterized lncRNAs have been correlated with CRC. Therefore, there is an urgent need to investigate the role of other lncRNAs to better understand the underlying mechanisms and to identify effective lncRNAs that may facilitate the prognosis, diagnosis and treatment of CRC.
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